Abstract In cells, microtubules (MTs) are nucleated at MT-organizing centers (MTOCs). The centrosome-based MTOCs organize radial MT arrays, which are often not optimal for polarized trafficking. A recently discovered subset of non-centrosomal MTs nucleated at the Golgi has proven to be indispensable for the Golgi organization, post-Golgi trafficking and cell polarity. Here, we summarize the history of this discovery, known molecular prerequisites of MT nucleation at the Golgi and unique functions of Golgi-derived MTs.
Introduction
A large part of vesicular trafficking is accomplished by molecular motors moving along microtubules (MTs), 25-nmthick dynamic cytoskeletal polymers. Intrinsic polarity of MTs allows for directional movement of molecular motors that deliver vesicular cargos to their specific destinations, which is critical for the complex organization of the cytoplasm. Because molecular motors move specifically toward either the plus or minus end of a MT, the origin and destination of MT-dependent transport is defined by the location of MT ends. In cells, MTs are nucleated at MT-organizing centers (MTOCs). It was traditionally thought that, in an interphase cell, the majority of MTs are nucleated at the centrosome-based MTOC, so that MT minus ends are embedded at the centrosome while the dynamic plus ends extend radially toward the cell periphery.
However, such intrinsic organization of centrosomal MTs is often not optimal for the directional cargo delivery between two cellular locations, such as polarized trafficking. In most cases, interphase MTs are not strictly radial; a few mechanisms responsible for specific MT architecture have been described. A number of such mechanisms account for the remodeling of centrosomal MTs via selective MT stabilization/destabilization or centrosome positioning. Another easy solution for building non-radial MT tracks is the organization of specialized MT arrays that are not associated with the centrosome.
Indeed, complex MT networks integrating non-centrosomal MTs have been described in many types of differentiated cells, especially those characterized by extensive trafficking. These acentrosomal MTs can arise from release/severing and subsequent repositioning of centrosomal MTs (e.g., axonal and dendritic MTs in neurons [reviewed in (Baas 1998) , or basoapical vertical MTs in epithelial cells (Mogensen et al. 2000) . Alternatively, nucleation of MTs at alternative, non-centrosomal MTOCs has been described (e.g., MTs nucleated at the melanosome membrane in melanocytes (Malikov et al. 2004) , nuclear envelope-derived MTs in myotubes (Tassin et al. 1985) and apical membrane-associated MT nucleation in polarized epithelia (Feldman and Priess 2012) ]. Moreover, recent studies have proven that a significant non-centrosomal MT array can be formed in a wide range of non-differentiated as well as differentiated cell types via MT nucleation at Golgi membranes. Here, we will summarize the existing evidence on the regulation and functions of this MT subpopulation.
MTs and subsequent short recovery in cultured hepatocytes was found in 2001 by the Christian Poüs group (ChabinBrion et al. 2001 ). This study also showed that placing isolated Golgi membranes in a tubulin solution resulted in the formation of MTs bound to Golgi vesicles.
This pioneering study opened a new perspective on the organization and regulation of the interphase MT network; however, it was not fully appreciated until recently. One of the reasons was the fact that the evidence was acquired in experimental conditions of full MT depolymerization when the concentration of tubulin dimers in the cytoplasm significantly exceeds that of physiological levels, which might cause non-specific MT nucleation. Registering Golgi-derived MTs in untreated cells is a significant challenge because the Golgi is often located in the vicinity of the centrosome, and the MT density in this region precludes clear distinction of which MTOC a single MT comes from. To overcome this difficulty, we have adapted a MT plus end-tracking approach which has been successfully used previously to detect centrosomal MTs in mitotic or interphase cells (Piehl et al. 2004 ). Sites of MT nucleation can be detected by tracking polymerizing MTs back to their sites of origin in retinal pigment epithelial (RPE) cells co-expressing the fluorescently tagged MT ?TIP EB3 and a Golgi marker [see (Zhu and Kaverina 2011) for protocol]. This approach readily detects Golgi-associated MT nucleation in addition to the radial centrosomal MT array in untreated interphase cells exhibiting steady state MT dynamics (Efimov et al. 2007) .
Another concern at the time came from a hypothesis that MTs can be released from the centrosome, and their minus ends could subsequently be captured by the Golgi membrane (Rios et al. 2004) . Functionally, such MTs would still fulfill the requirements of non-centrosomal MTs; however, these MTs would not be true Golgi-derived MTs-and would be regulated by centrosomal release machinery rather than through a Golgi-associated MT nucleation mechanism. This concern arose because the evidence of MT nucleation at the Golgi was first obtained in fixed cells at distinct time points after nocodazole washout. Since then, our live cell imaging assays following MT regrowth after nocodazole washout directly visualized formation of MTs at Golgi stacks distant from the centrosome (Efimov et al. 2007 ). Moreover, the number of MTs formed at the Golgi in cells where the centrosome has been ablated by laser microsurgery does not change, both in steady state (Efimov et al. 2007 ) and in MT re-growth assays (Fig. 1) . Furthermore, CENP-F -/-mouse embryonic fibroblasts cells nucleate MTs only from the Golgi but not from the centrosome (Moynihan et al. 2009 ), confirming that the centrosome is indeed dispensable for formation of Golgiderived MTs. Thus, it is clear today that discovery of Golgi-derived MTs has dramatically changed our understanding of MT network organization in interphase cells. An emerging new field of research addresses the specific regulation and functions of this MT subpopulation.
Molecular machinery underlying MT nucleation at the Golgi
Because Golgi-derived MTs are nucleated directly at the Golgi membrane, MT nucleation machinery must exist at this location. Not surprisingly, siRNA depletion of the major MT-nucleating factor, c-tubulin, results in elimination of Golgi-derived MTs along with centrosomal MTs (Efimov et al. 2007 ). Moreover, MT are organized at the Golgi membrane in vitro only when c-tubulin is present in isolated Golgi preparations (Chabin-Brion et al. 2001; Ori-McKenney et al. 2012) . A search for specific factors required for formation of MTs at the Golgi but not at the centrosome yielded two important results. First, we determined that MT-stabilizing proteins CLASPs (CLASP1 and CLASP2), which are localized at the Golgi, are essential for Golgiderived MT formation (Efimov et al. 2007 ). Second, a large multi-functional protein AKAP-9 (AKAP350, AKAP450, CG-NAP; will be referred to herein as ''AKAP'') was found necessary for this phenomenon (Rivero et al. 2009 ). The specific mechanisms whereby these proteins facilitate MT nucleation are not completely elucidated.
It has been proposed that the role of AKAP in this process is in the recruitment of c-tubulin ring complex (c-TuRC) to the Golgi membrane (Rivero et al. 2009 ). However, the direct proof for this appealing hypothesis remains to be elucidated. Though the N-terminal domain of AKAP has been described to bind c-TuRC components GCP2 and GCP3 (Takahashi et al. 2002) , this binding has not been confirmed despite careful evaluation (Hurtado et al. 2011) ; moreover, the same domain was identified as a membrane-binding domain of AKAP (Hurtado et al. 2011 ). c-tubulin and GCP2 are found co-immunoprecipitated from cell lisates with endogenous AKAP (Rivero et al. 2009 ) within a protein complex, which also includes GM130 and PTTG1/securin (Moreno-Mateos et al. 2011) . However, it is unclear whether AKAP or another protein within this complex is responsible for c-TuRC binding. Clear colocalization of PTTG1/securin, AKAP and c-TuRC at the centrosome interfere with the interpretation of these data even more.
Besides, while c-tubulin can be detected in vitro on vesiculated Golgi membranes (Chabin-Brion et al. 2001; Ori-McKenney et al. 2012) , it is not enriched at the Golgi in cells as compared to the surrounding cytoplasm. However, taking into account the high content of c-tubulin in the cytosol of interphase cells [[80 % (Moudjou et al. 1996; Khodjakov and Rieder 1999) ], enrichment of c-TuRC at the Golgi may not be necessary for MT nucleation. If the nucleation success rate at this particular location is high, it is possible that association of a low number of c-tubulin molecules with the Golgi membrane is sufficient to maintain the MTOC activity at the Golgi. We have previously proposed a model which includes formation of unstable MT seeds at the c-TuRCs in the cytoplasm regardless of their location and stabilization of selected Fig. 1 Golgi-derived MTs are formed independently of the centrosome. The centrosome was laser-ablated in immortalized human pigment epithelial cells (hTert-RPE1) that stably express centrin1-GFP (Uetake et al. 2007; Magidson et al. 2007) . GFP signal is shown in green in all panels. a, e Cells prior to ablation with the intact centrosomes (arrows). b, f Success of the ablation was confirmed by collecting an image stack at a significant time after the operation. Arrows in b and f indicate the lack of centrosomes at the location indicated in a and e, respectively. c The cell shown in a and b was fixed and immunostained for tubulin (red) and the Golgi marker G97 (cyan). d A bystander cell in the same preparation as c with an intact centrosome (arrow). g The cell shown in e and f was incubated on ice for 40 min resulting in complete MT depolymerization (Vinogradova et al. 2012 ), allowed to recover at room temperature for 5 min to initiate MT re-growth, and then fixed and immunostained for tubulin (red) and the Golgi marker GM130 (cyan). h A bystander cell in the same preparation as g with an intact centrosome (arrow). White outlines show cell borders in g and h. i, j The central regions of the cells shown in g, h, respectively. Yellow chevrons indicate Golgiderived MTs. White arrow indicates the centrosome Histochem Cell Biol (2013) 140:361-367 363 seeds precisely at the Golgi membrane; such stabilization is likely performed by CLASPs, which coat short MTs emerging from the Golgi (Efimov et al. 2007 ). Thus, whether the function of AKAP in MT formation at the Golgi involves recruitment of c-TuRCs to the membrane is still an open question. However, a few other known properties of this large scaffolding protein can potentially play a role is this activity. Interestingly, AKAP interacts with p150Glued (Hurtado et al. 2011; Kim et al. 2007) . Blocking dynein/dynactin was shown to interfere with acentrosomal MT nucleation at melanosomes (Malikov et al. 2004 ) and the Golgi (Rivero et al. 2009 ); thus, AKAP might support MT nucleation and/or stabilization via a dynein/dynactin-dependent mechanism. Finally, AKAP also regulates MT dynamics (Larocca et al. 2006) and has direct MT-binding activity (Hurtado et al. 2011) , which might support MT formation at the Golgi as an alternative (or additional) mechanism to c-TuRC recruitment by this protein.
Another puzzling question that arises when a model of MT nucleation at the Golgi is built is the location of the nucleation sites within a Golgi stack. AKAP is a cis-Golgi protein recruited to the membranes by a major cis-Golgi organizer GM130 (Rivero et al. 2009 ). CLASPs, on the contrary, bind to the TGN membrane via a large coiled-coil golgin GCC185 (Efimov et al. 2007 ). How can these proteins work in concert to promote MT nucleation? If the role of AKAP is the recruitment of c-TuRC, MTs must first be nucleated at AKAP-rich cis-Golgi cisternae and then stabilized by CLASPs as they grow (Efimov et al. 2007 ). This can occur if MT seeds relocate to the TGN from the cisGolgi and stabilized there by CLASPs [ (Stephens 2012) , Fig. 2a ]. It has also been proposed by others and us (Vinogradova et al. 2009; Sutterlin and Colanzi 2010) that CLASPs might stabilize only those MTs which extend toward the TGN from their nucleation sites at cis-Golgi (Fig. 2b) , while all other MT seeds are unstable and depolymerize (Fig. 2c) . Such selective MT outgrowth is consistent with our finding that the majority of Golgiderived MTs are directed toward the front of motile cells (Efimov et al. 2007 ). Due to steric constrains, the extension of emerging MTs toward the TGN must occur at the sides of a Golgi stack (Fig. 2b) . Of note, if AKAP facilitates formation of Golgi-derived MTs by an alternative mechanism that does not involve c-TuRC recruitment, it is still likely that MTs are nucleated at the edges of Golgi stacks where dilated edges of opposite cisternae could come into contact, so that essential molecules could work in concert.
Because our knowledge of the molecular machinery that drives MT nucleation at the Golgi is insufficient, signaling pathways that regulate this process remain largely unclear. It is possible that a small GTPase Arl4a is involved in this regulation because it modulates recruitment of CLASPs to GCC185 at the TGN membrane (Lin et al. 2011) . Also, MT formation at the Golgi is tightly regulated by the cell cycle signaling: extensive nucleation throughout interphase and prophase is sharply down-regulated when a cell enters prometaphase and starts to increase again in telophase (Maia et al. 2013 ). Interestingly, Cdk1-dependent phosphorylation of PTTG1/securin reduces binding of this protein to the Golgi membrane and delays MT regrowth after nocodazole washout (Moreno-Mateos et al. 2011) . It is possible that this mechanism contributes to down-regulation of Golgi-derived MT nucleation at the onset of mitosis. Another contributing factor might involve mitotic phosphorylation of CLASP2 (Maia et al. 2012) . Overall, the observed cell cycle-dependent modulation of MT nucleation at the Golgi suggests that this MT subpopulation likely performs specific functions as a component of the interphase/prophase MT network rather than the mitotic spindle.
Functions of Golgi-derived MTs
It is well known that Golgi organization is supported by MTs and MT-dependent molecular motors, which are responsible for transport of vesicular carriers involved in the Golgi trafficking and of Golgi stacks themselves (reviewed in (Brownhill et al. 2009; Stephens 2012; Watson and Stephens 2005) . However, the functional distinction between MT subpopulations of distinct origins has Fig. 2 Model of potential MT nucleation sites at a Golgi stack. a MT seeds nucleated at the cis-Golgi by an AKAP-dependent protein complex (possibly including PTTG1/securin and c-TuRC) might relocate to the TGN where they are stabilized by CLASPs and elongate. b Molecules located at the sides of both cis-Golgi cisternae and the TGN act in concert for nucleation and stabilization of MTs. c MTs that are nucleated by an AKAP-dependent complex at the cisGolgi regions distant from the TGN are unstable in the absence of CLASP-stabilization been addressed only in a few recent studies. It is logical to suggest that Golgi-derived MTs serve as preferred tracks for MT-dependent transport of the Golgi membranes because their nucleation occurs at Golgi membranes, and MT minus ends remain connected with their sites of origin (Efimov et al. 2007 ). Indeed, existing data indicate that a number of specific MT functions in Golgi organization and/or Golgi trafficking can be accomplished only by Golgi-derived MTs (Fig. 3) .
Golgi assembly
One important function is that Golgi-derived MTs are indispensable for correct post-mitotic assembly of the Golgi complex. Every time a cell enters mitosis, the Golgi disassembles to assure equal inheritance of the Golgi membrane into the two daughter cells [reviewed in (Shorter and Warren 2002; Wei and Seemann 2009)] . Accordingly, every mitotic exit requires rapid, coherent re-establishment of the integral polarized Golgi complex assembled anew from the vesiculated membranes. Golgi assembly occurs through several stages. First, scattered mini-stacks of Golgi cisternae are formed throughout the cell by membrane fusion and stacking [Tang et al. 2008 ; reviewed in (Meyer 2005; Shorter and Warren 2002) ]. Then, a single Golgi complex is assembled by MT-dependent transport driven by dynein (CorthesyTheulaz et al. 1992 ). Such minus end-directed transport along Golgi-derived MTs moves the Golgi stacks toward each other. Finally, the resulting Golgi stack clusters are collected toward the cell center by dynein moving along the radial centrosomal MTs ). In the absence of Golgi-derived MTs, the Golgi complex accumulates in the peri-centrosomal region but remains fragmented suggesting that centrosomal MTs are unable to support Golgi stack fusion Vinogradova et al. 2012 ). Moreover, rates of Golgi assembly using in silico modeling only fit the experimentally determined rates under the assumption that Golgi-derived MTs support Golgi stack fusion, while centrosomal MTs do not (Vinogradova et al. 2012) . This indicates that Golgi-derived MTs are necessary and sufficient for Golgi stack fusion.
Trafficking
Observation of cells, in which the centrosome has been ablated by laser microsurgery, indicate that the Golgiderived MT subset alone is sufficient to maintain Golgi integrity and shape in acentrosomal cells over a significant period of time (Vinogradova et al. 2012 ). Thus, Golgiderived MTs are capable of supporting all MT-dependent processes necessary for Golgi homeostasis, which requires balanced membrane exchange with the ER, exocytic and endocytic membrane pools [reviewed in (Szul and Sztul 2011; Burd 2011; Anitei et al. 2010)] . It is well known that MTs and MT-dependent molecular motors play a significant role in transportation of vesicular carriers to and from the Golgi [reviewed in (Stephens 2012; Brownhill et al. 2009 )], and it is possible that Golgi-derived MTs provide specialized MT tracks for this transportation. It is interesting in this regard that in motile cells, Golgi-derived MTs extend asymmetrically from the centrally located Golgi complex toward the cell front, thereby serving as tracks for directional post-Golgi trafficking Vinogradova et al. 2012 ).
Cell polarity and architecture
Microtubules are known to determine cell polarity in a variety of contexts. Not surprisingly, the asymmetric Golgiderived MT array has been found to be essential for polarized cell organization in diverse cell systems. Several lines of evidence indicate that motile cells lacking Golgiderived MTs are incapable of polarized migration (Rivero et al. 2009; Miller et al. 2009; Drabek et al. 2006) . The likely reason is that a fragmented disorganized Golgi, in combination with the lack of directional MT tracks, is unable to provide directional trafficking of components toward the cell front (Fig. 3) . This is in agreement with accumulating evidence that motile cells require a polarized Golgi complex in proximity to the centrosome for directional post-Golgi trafficking and directional cell migration (Yadav et al. 2009; Prigozhina and Waterman-Storer 2004) .
Additional exciting evidence for a specialized function of Golgi-derived MTs was recently found in sensory Fig. 3 Functions of Golgi-derived MTs and their interdependence. Golgi-derived MTs drive the correct assembly of polarized Golgi complex at the cell center, which is essential for directional postGolgi trafficking toward the front of a motile cell; this is, in turn, critical for cell polarity and polarized cell migration Histochem Cell Biol (2013) 140:361-367 365 neurons in Drosophila, a cell type where polarized trafficking is a key determinant of proper cellular function (Ori-McKenney et al. 2012) . These cells are characterized by highly branched dendrites where MTs equally extend to each process. The total number of MTs at all of the distal dendritic branches is significantly higher than the number of MTs at the base of a dendrite. Ori-McKenny et al. found that small Golgi outposts located at every dendritic branch point serve as organizing centers for MTs extending into the processes, and that without MT nucleation at the Golgi (that is, in AKAP mutants), dendrite branching is severely disturbed. Strikingly, MTs always emanated from the Golgi outposts in the anterograde direction, establishing directional MT arrays within the distal branches. This observation indicates specific polarity in the MT nucleation machinery at neural Golgi outposts, similar to that in motile cells. In both scenarios, asymmetric Golgi-derived MTs facilitate polarized cell morphology, either by promoting cell protrusion, or by the extension of dendrites. It is possible that the role of Golgi-derived MTs in cell polarity is abundant in other cell types yet unexamined in this regard. For example, depletion of either AKAP or CLASPs in hepatocytes strongly diminishes structural and biochemical polarization of these cells during bile canaliculi morphogenesis (Mattaloni et al. 2012 ). Overall, all these studies indicate that Golgi-derived MT subset has distinct functions and cannot be substituted by the centrosomal array. It is possible that the unique capacity of Golgi-derived MTs to support Golgi membrane trafficking and organization relies on the distinct biochemical properties of this MT subset. Such biochemical specificity may arise from enrichment of CLASPs (Efimov et al. 2007) or another yet unknown MT-binding protein at the MT lattice or from preferential accumulation of acetylated tubulin reported for Golgi-derived MTs (ChabinBrion et al. 2001) .
The majority of Golgi-derived MT functions discussed above have been already demonstrated by multiple approaches. Similar phenotypes found in cells where either AKAP or CLASPs were depleted or misplaced from the Golgi indicate that Golgi-derived MTs themselves, and not one of these molecular players, are required for such functions. Moreover, it is very likely that the role of this MT subset is not restricted to these already identified functions. For example, the abundance of Golgi-derived MTs in prophase (Maia et al. 2013) suggests a yet unknown contribution to the MT network in cells preparing for mitosis.
